CORYN'EBACTERIAL PSEUDOTUBERCIYLOSIS IN MICE. I
tion immunity and endogenous microbial disease constitute the two opposite manifestations of a single phenomenon which is obviously of great theoretical and practical importance. Unfortunately, there is no understanding of the factors which determine whether infection will remain latent or become activated. Nothing is known, furthermore, of the state in which the microorganisms persist in the host, nor of the humoral or cellular mechanisms which permit them to survive, and thereby to increase resistance to superinfection.
The present and following papers describe results obtained with a specific disease entity, corynebacterial pseudotuberculosis of mice caused by Corynebacterium kutscheri, which has aspects bearing directly upon the aforementioned problems. The original reports of Kutscher (6) and Bongert (7), describing a diphtheroid as an etiologic agent which produces pseudotuberculosis in mice, have been followed by numerous publications demonstrating that many outbreaks of endogenous infection in mouse colonies are caused by Corynebacterium kutscheri, particularly when animals are under conditions of physiological stress. 1 During an investigation in this laboratory of the genetic factors which affect the course of experimental tuberculosis in mice (9) , an intercurrent corynebacterial infection was observed in animals from one of the two inbred strains under study. Preliminary experiments revealed that normal mice of these two strains, namely Swiss Lynch and C57B1/6, differed markedly in their response to experimental infection with C.
kutsckeri, the causative agent isolated ~rom the diseased animals. Various other strains of mice were then compared with respect to survival time and to the extent of bacterial multiplication occurring in vivo following inoculation with C. kutscheri. These observations are described in the present report and serve to present a laboratory model for the study of certain phenomena associated with latent infection which will be presented in the following paper (8) .
Material and Methods
Bacterial Culture.--Isolation and Identif~ation of Strain.--The culture of Corynebacterium kutscheri used in the following experiments was first isolated from a pulmonary abscess occurring unexpectedly in a Swiss Lynch mouse previously inoculated with Mycobacterium tuberculosis (Vall~e strain). Mice of the highly inbred Swiss Lynch strain have been shown to be relatively resistant to experimental tuberculosis (10) . Pathologic examination of the animal just mentioned, dying earlier than predicted after infection with tubercle bacilli, revealed pulmonary abscesses similar to those seen in mouse tuberculosis. Moreover, Ziehl-Neelsen--stained impression smears demonstrated the presence of pleomorphlc bacilli having a slight degree of acid fastness. The disease, however, was not tuberculosis. It was proven, by means of cultural studies, to be corynebacterial pseudotuberculosis. Duplicate plating of the pathologic material onto oleic acid-albumin agar (OA) (11) and onto beef heart infusion containing 1 per cent Pfanstiehl peptone, 0.5 per cent NaC1, and 1.5 per cent agar (PF) yielded no tubercle bacilli on OA and a pure culture of corynebacteria on PF. Repeated subcultures of these newly isolated organisms were made into PF broth from single colonies picked from serial transfers on PF agar in order to insure purity of the culture. i x References to this particular aspect of the problem are presented in the following paper (8) .
Biochemical tests were carried out in the following media: Mueller's tellurite-serum agar; bacto-urea base concentrate; and carbohydrate redi-discs obtained from Pennsylvania Biological Laboratories, Inc., Philadelphia and used comparatively in three different media at pH 7.3, namely: (a) veal infusion broth, (b) PF broth previously fermented by 4 hour growth of Esch¢richia coli, and (c) a standard carbohydrate free basal medium consisting of 1.0 per cent proteose peptone No. 3, 0.5 per cent bacto-beef extract, and 0.5 per cent NaC1. Fermentation tubes containing one redi-disc in 3.0 ml of medium (1.1 per cent carbohydrate) were inoculated with 0.1 ml PF broth culture or a saline suspension of growth from PF agar. Growth and acid production were determined after 24, 48, and 72 hours of incubation by withdrawing small aliquots and testing with bromthymol blue. The final acidity in tubes giving positive tests was pH 5.1, as tested by bromcresol purple and bromcresol green. Identical results were obtained with all three media. The presence of catalase was determined by suspending sediment growth from PF broth or a loopful of growth from PF agar into a well containing 0,1 ml of 30 per cent hydrogen peroxide.
Identification of the organism as C. kutscheri was based upon the following properties: bacterial and colonial morphology typical of corynebacteria, non-motility, reduction of potassium tellurite, presence of catalase and urease, production of acid to pH 5.1 but no gas in fermentation tests with dextrose, levulose, maltose, mannose, salicin, and sucrose; negative fermentations with adonitol, arabinose, dulcitol, galactose (24 hour reading of pH 6.8-7.0 which returned to pH 7.3 upon further incubation), inositol, inulin, lactose, mannitol, melibiose, melizitose, raffmose, rhamnose, sorbitol, sorbose, starch, trehalose, and xyiose. The pathogenicity for mice is discussed later in this present report.
Four other strains of corynebacteria isolated from mice in other laboratories were used in comparative virulence studies. One of these strains, Corynebaaerium cardezium (CC), was kindly supplied by Dr. Ioulios A. Iossifides (12) . With the exception of CC, all strains of corynebacteria exhibited biochemical characteristics identical with our own laboratory strain of C. kutscheri. The strain, CC, grew more slowly and differed slightly in fermentation properties (13) . Suspensions of all 5 strains agglutinated to equivalent titers in rabbit antiserum prepared according to the Wittier technique (14) against our own strain.
Maintenance of Cultute.--The medium used in the majority of experiments was PF agar or broth at pH 7.4. Difco veal infusion agar or broth could be used instead. Stock cultures were maintained on PF agar slants incubated 24 hours at 37°C and then stored in the refrigerator. To obtain cultures for infection experiments, at least 2 serial transfers were made into PF broth. Fresh isolates were made occasionally from the lesions of infected animals, but this was not necessary to maintain the virulence of the strain. Numerous serial transfers of 0.i mi of 24 hour broth cultures did not decrease the infecfiveness of the bacteria.
Enumeration of Viable Units for Infeaion.--Inocula for infection via the intravenous route were prepared from broth cultures incubated at 37°C for 24 hours. Serial tenfold dilutions were made in an aqueous solution of 0.1 per cent bovine albumin (fraction V). For each experiment, the numbers of viable bacterial units injected were determined by plating dilutions of 10 -6 , 10 -6, and 10 --7 onto agar and recording the number of colonies appearing after incubation. The enumeration procedure revealed that 24 hour cultures yielded an approximate constant population of 3 X 10 s viable units per ml. An infective dose of 0.2 ml of 10 ~ culture dilution administered intravenously (i.e. approximately 60,000 viable units of C. kutscheri per animal) was used for most of the experiments. The numbers of viable units in other dilutions of culture can be calculated proportionately.
Strains of Mice.-
The majority of experiments were conducted with the 2 inbred strains of mice, Swiss Lynch and C57BI/6, both raised at The Rockefeller Institute by Dr. Clara J. Lynch. They were main-tained on a diet of Purina laboratory chow (free of antibiotics) and water given ad libitum. The sources of other strains tested are indicated for individual experiments (Tables IV and V) . A comprehensive listing of the origin of inbred mouse strains and of commercially available animals can be found elsewhere (15, 16) .
All animals were housed, 4 or 5 per box, on cedar shavings in metal boxes with wire grid tops; the boxes were kept in an enclosed cabinet exhausted into an exterior duct under slight negative pressure. The temperature varied from 72-75°F and the relative humidity from 20 to 26 per cent. All animals were placed on a diet of Rockland mouse pellets and water ad libitum 24 hours prior to infection and were maintained on this regimen throughout the course of experiments.
Intravenous injections of C. kutscheri were made into the lateral caudal veins. Mice were examined daily and were autopsied either at death or upon termination of the experiment.
Verification of the etiologic role of C. kutscheri was achieved by observing the presence of gross abscesses in the kidneys, liver, or lungs, by demonstrating typical corynebacteria in impression smears stained by Giemsa, and by occasional bacteriologic isolation. A detailed description of corynebacterial pseudotuberculosis and its causative agent can be found elsewhere (17, 18) .
Enumeration of Viable C. kutscheri from Infected Organs.-
Mice were sacrificed with chloroform at various intervals of time after the intravenous injection of C. kutscheri. The kidneys, lungs, spleen, and liver were removed aseptically, the gall bladder being discarded. Individual organ homogenates were prepared in 2 per cent aqueous bovine albumin by means of teflon homogenizers (obtained from Tri-R Instruments, Long Island City, New York), and serial tenfold dilutions were made in 0.1 per cent aqueous bovine albumin; 0.025 ml of dilution was plated onto PF agar according to a previously described technique (19) . The numbers of colonies obtained after incubation at 37°C for 24 hours allowed calculation of the numbers of viable units of C. kutscheri present in the host organs. (Swiss Lynch) to Intravenous Infection with C. kutscheri.--The severity of disease produced in the Swiss Lynch mouse strain by infection with C. kutscheri differs from case to case when the agent is administered per os, intraperitoneally, subcutaneously, or v/a aerosol. In contrast, intravenous inoculation elicits a more uniform response. This can be measured by death rate, and by the presence of gross pearly abscesses in the lungs, kidneys, and liver. Microscopic examination of stained smears prepared from lesions reveals corynebacteria located both intra-and extracellularly.
EXPERIMENTAL RESULTS

Response of a Susceptible Mouse Strain
The results in Table I are typical of those obtained in experiments carried out in the course of 5 years. Regardless of age or sex of mice, an inoculum of 0.2 ml of 10 -4 culture dilution given intravenously produces 100 per cent mortality, the majority of animals dying between the 4th and 7th day postinjection.
Comparison of Mouse Strains with Regard to Intravenous Infection with C. kutscheri.--The striking difference in response to infection between the Swiss
Lynch and C57B1/6 mouse strains is illustrated in Table II . Whereas all Swiss mice inoculated with a 10 --a culture dilution of C. kutscheri died, all animals of the C57B1/6 strain survived the infection. Moreover, the mice of this latter group showed no evidence of gross disease when sacrificed at 4 to 6 weeks after inoculation and, as in the case of Swiss mice, age and sex were without effect upon the outcome. As will be described subsequently however, sacrifice of C57B1/6 animals during the 1st week after injection revealed the presence of gross abscesses, particularly in the kidneys, thus providing evidence that infection with extensive disease had initially occurred. 
Effect of Inoculum Size on Survival of Susceptible and Resistant Mouse Strains.-
As can be seen in Table III , the survival time following intravenous injection (0.2 ml) of dilutions of C. kutscheri varied with the inoculum size. It was found that the resistance of C57B1/6 mice was not absolute, since it could be overcome by inocula larger than that administered by injection of a 10 -4 culture dilution. Even with the 10 -1 dilution, however, C57B1/6 animals died more slowly than the Swiss animals. As shown previously, the infective dose contained in 0.2 ml of a 10-4 dilution allowed 100 per cent survival of C57B1/6 mice, but produced 100 per cent mortality in Swiss mice. In fact, as few as 600 infectious units of C. kutscheri (the dose contained in 0.2 ml of a dilution of 10-6) was sufficient to initiate a fatal infection in the latter animals. With the exception of animals receiving 10 -4 dilution (see Table 11 "), all mice were 5 to 6 weeks of age when injected.
* All mice injected intravenously with 0.2 cc of indicated culture dilution. :~ Number of mice dying on day indicated.
Resistance of C57B1/6 Mouse Strains Obtained from Different Laboratories.--
Mice of the C57B1/6 strain are widely used and are maintained in a highly in-bred state in many laboratories. Comparative tests with animals of this strain obtained from various sources were therefore carried out to ascertain whether the resistance to experimental infection with C. kutscheri was a general property of C57B1/6 mice. As seen in Table IV , the survival of all mice following an intravenous inoculation of 10 -4 culture dilution provides evidence that the resistance of C57B1/6 animals to this infection is indeed a general characteristic. It is of interest to note, furthermore, that mice from a line of C57B1/6 in which 
kutschtri.
J; Mutant ragged carried in heterozygous condition after backcrossing 6 to 10 generations to C57B1/6. The authors are indebted to Dr. E. L. Green for supplying mice from this line the dominant mutant "ragged" was carried in heterozygous condition after 6 to 10 generations of backcrossing were as uniformly resistant as the homozygous C57B1/6 stock. (The mutant was obtained by the incorporation of nine genes from other stocks into a C57B1 background.)
Response of Other Mouse Strains.--The lethal effect of intravenous inoculation of a 10-4 culture dilution of C. kutscheri was determined for mice of various strains; the majority of animals were 4 to 6 weeks old at the time of injection. As shown in previous experiments, deaths occurred for the most part 4 to 7 days' postinfection, and there was no apparent effect of age or sex upon the final outcome of infection. The findings for each mouse strain are summarized in Table  V, reference being made to Table IV. Strains from 30 different sources were studied, representing different genetic stocks or in a few instances different colonies of the same inbred strain. Six strains were shown to be highly susceptible, 3 to be partially susceptible, and 21 to be highly resistant. Surviving animals were uniformly free of gross evidence of disease when sacrificed 4 to 6 weeks after injection. Mice of the CF1 strain were generally resistant to infection, whereas the SPF animals derived from the CF1 strain were extremely susceptible. Further comparative studies of these two groups could not be made, because the breeding of CFI SPF mice unfortunately was discontinued during the present investigation. No essential difference was found between another pair of mouse strains, the Rockefeller Swiss and its derived NCS strain (20) . Animals from both colonies were relatively resistant to infection. It is apparent from this survey that only few mouse strains were as susceptible to infection as the Swiss Lynch; the majority exhibited the high degree of resistance shown by C57B1/6 mice. The effect of cortisone administration to normal, non-infected, mice from the various strains was determined by experiments run in parallel with the infection tests; the results are presented in the following paper (8) . Table VI .) xxx, Swiss Lynch; • •., C57B1/6; D, dead mouse, organs not cultured; C, contaminated culture; T, actual figure undetermined but greater than plotted.
Repeated infection tests with C. kutscheri in Swiss and C57B1/6 mouse strains raised at The Rockefeller Institute gave uniformly reproducible results throughout a 5 year period. These 2 strains were therefore used as prototypes to study in further detail the contrast in host response to corynebacterial infection of susceptible and resistant mice.
The extent of bacterial multiplication in various organs was determined by enumerating viable units of corynebacteria recovered at various intervals after intravenous inoculation. Two separate experiments were conducted, one using as inoculum 0.2 ml of 10 -~ culture dilution, the other, 10-a. In the majority of instances 4 animals per group were sacrificed for each comparative series of bacterial quantitation. It can be seen in Tables VI and VII (also in Figs. 1 and 2 ) that the difference in susceptibility between mouse strains is indeed reflected in the number of corynebacteria recovered from the organs subsequent to inoculation. In Swiss mice given an inoculum of 10 --s culture dilution (Table VI and Fig. 1 ), rapid bacterial multiplication took place in all organs (though of a limited degree in the spleen), and all animals had died by the 4th day postinfection. In comparison, the multiplication of corynebacteria was retarded in C57B1/6 mice. Since this infective dose causes death of a certain proportion of animals of this latter strain, it was not surprising that large numbers of organisms could be recovered from individual mice. The bacterial population was highest in the kidneys; this was to be expected since renal abscesses are a predominant feature of the disease. A more striking difference between the 2 mouse strains was observed with an inoculum of 10 -4 culture dilution (Table VII and Fig. 2) , a dose which results in 100 per cent mortality among Swiss mice, and survival of all C57B1/6. Rapid multiplication of corynebacteria occurred in all organs of Swiss mice with the exception of the spleen, and resulted in death of all animals by the 6th day after inoculation. In striking contrast, viable organisms could not be recovered from the spleens of C57B1/6 mice, and only very few from the livers and lungs. That infection became established but was overcome is shown by the bacterial multiplication in the kidney during the first few days; however, the microbial population never reached as high a level as in Swiss mice, and by the 16th day postinjection, all tissues of C57B1/6 animals were free of culturable corynebacteria. These findings are in keeping with the fact that although gross renal abscesses are found during the early phase of infection in animals of this strain, they do not leave any residual pathology, as proven by autopsy of mice sacrificed at 1 to 6 days and then later at 2 to 4 weeks' postinfection.
Whereas corynebacteria were recovered only occasionally and only in small numbers from the lungs and livers of C57B1/6 mice, very small translucent colonies appeared on the plates in numbers sufficiently large to suggest that they might have significance. However, these colonies did not develop into typical corynebacteria upon further incubation nor upon repeated subcultures, and they proved to be avirulent in Swiss mice even when large inocula were injected. The implication of these findings, and their relevance to infection immunity and activation of latent infection, will be considered in the general discussion at the end of the following paper (8) .
SLrM~ARy
The susceptibility of mice to experimental infection with Corynebacterium kutscheri was studied by comparing the host response to this organism of mice obtained from 31 different colonies, representing 15 different genetic types.
A standardized infective dose, administered intravenously, made it possible to separate the animals into two sharply differentiated groups. All the animals of the following colonies died: Swiss Lynch, Swiss R/J, A/Jax, Princeton, RFVL, and CF1 (SPF). All the animals of the following colonies survived: CFW, ICR, Balb/C, BSVS, BRVR, RIII, YBR/He, DBA/2 (from 3 different colonies), and C57B1/6 (from 12 different colonies).
The two highly inbred strains, Swiss Lynch and C57B1/6, were selected as prototypes of susceptible and resistant animals respectively, for more detailed studies.
Following injection of an infective dose of 0.2 X 10 -4 ml of culture of C.
kutscheri, all Swiss Lynch animals died within 3 to 11 days (the majority within 4 to 7 days); whereas all C57B1/6 animals survived. The outcome of the infection in each strain was independent of age and sex of the animals. In Swiss Lynch animals, the corynebacteria multiplied rapidly in lungs, liver, kidneys, and to some extent in the spleen. In C57B1/6 mice, there was no in-crease of the corynebacterial population in the lungs, liver, or spleen, but multiplication occurred in the kidneys during the early phase of the infectious process with resultant abscess formation. However, the renal infection soon subsided leaving no residual pathology. C. kutscheri could not be recovered from any organs of C57B1/6 mice sacrificed 16 days after infection.
Homogenates of organs from Swiss Lynch mice obtained while the infection was progressing contained only typical C. kutscheri. In contrast, the lungs and livers of similarly infected C57B1/6 animals occasionally yielded large numbers of small translucent colonies distinctly different from those of typical corynebacteria.
The use of mouse strains differing markedly in response to experimental infection with C. kutscheri is presented as a biologic model lending itself to further studies concerning factors which condition resistance to corynebacterial pseudotuberculosis, a disease of practical importance for investigators conducting experiments with murine species.
